We evaluated diagnostic accuracy of CT-fractional flow reserve (CT-FFR) computed on-site with a new vendor workstation, against invasive FFR as the reference standard. 
Introduction
The prognosis of stable coronary artery disease (CAD) patients is improved when the decision for revascularization is guided by fractional flow reserve (FFR). [1] [2] [3] Coronary CT angiography (CCTA) is an established method to non-invasively evaluate the coronary lumen for the presence or absence of stenosis. [4] [5] [6] Complementary data obtained by adapting the principles of computational fluid dynamics based on standard CCTA images to estimate FFR (Heart flow: FFRct) has demonstrated incremental diagnostic value to CCTA in large-scale multicentre studies. [7] [8] [9] Furthermore, FFRct reduces the frequency of unnecessary invasive coronary angiography (ICA), 10 and thus the technology is potentially cost effective. 11 FFRct derived from full 3D computational fluid dynamics requires substantial computation, typically performed off-site using a supercomputer, and is thus associated with a delay in delivery of FFRct results to the physician. 12, 13 Recently, reduced-order computational fluid dynamics models have shortened the computational burden, facilitating on-site assessment using a regular desktop computer workstation. Similar diagnostic accuracy of this latter method compared with off-site FFRct has been reported. 14, 15 In both these algorithms, patient-specific coronary flow boundary conditions are determined using allometric scaling laws, and FFR is then calculated by solving the Navier-Stokes equations. [12] [13] [14] A recent meta-analysis studies to date has demonstrated sensitivity and specificity per vessel of 0.84 and 0.76, respectively, although there are larger variations amongst studies in specificity compared to sensitivity. The per-vessel diagnostic performance to date has thus been overall considered as moderate. 16 The per-segment diagnostic accuracy has not been thoroughly studied to date, but may have implications toward appropriate application of the technology. Furthermore, the relationship to the instantaneous wave-free ratio (iFR), an alternative technology being explored for the invasive assessment of functionally significant stenoses that alleviates the need for pharmacologic stress 17 has also not been studied to date. This study tests a novel, vendor-based algorithm for CT-derived FFR (CT-FFR) analysis using fluid structure interaction 18, 19 by considering coronary shape, motility, crosssectional area, and volume through CCTA data acquired at several cardiac phases between 70 and 99% of the cardiac cycle. 18, 19 The analysis is based on a statistical estimation method to establish patient-specific analysis conditions for CT-FFR calculation using this data. 18, 19 A clinical validation of this method in a small number of vessels has already been reported. However, that study failed to find a statistically significantly difference compared to anatomic CCTA findings for the diagnosis of hemodynamically significant stenosis. 20 The purpose of this study was to further investigate the diagnostic performance of CT-FFR using this algorithm in a larger population with clinically relevant 30-90% diameter stenosis to determine whether it provides any incremental diagnostic value compared to standard CCTA using invasive FFR as the reference standard. We assessed both per-vessel and per-segment diagnostic accuracy of CT-FFR, and additionally report its correlation to both CT-FFR and iFR.
Methods

Study population
This retrospective Health Insurance Portability and Accountability Actcompliant study was approved by the human subjects review board at the institutions. For patients who provided informed consent, clinical data were prospectively collected and recorded at the time of CT acquisition for research purposes. Patients without known CAD in whom CAD was suspected were enrolled at two facilities.
Patients who gave consent underwent one-rotation, isotemporal imaging by 320 detector-row CT (Aquilion ONE ViSION Edition or Aquilion ONE GENESIS Edition, Canon Medical Systems Corporation, Otawara, Japan) followed by conventional angiography and FFR as detailed below. The study population included 75 subjects who had between 30 and 90% stenosis of > _1 major epicardial vessel measuring > _2 mm in diameter by CT, and who had catheter-based FFR measured in that vessel within 90 days of the CCTA. Detail information regarding study population at two facilities was provided in Supplementary data online, File S1.
CCTA acquisition
Patients with a pre-scan heart rate > _60 b.p.m. were given 20-40 mg metoprolol orally and/or an intravenous injection of landiolol (0.125 mg/ kg). CT images were acquired at a tube voltage of 100 kV, 120 kV, and 135 kV, following the standard protocol at each institution. Coronary artery calcium score was performed by the following parameters: 120 kV, 150 mA, and 3 mm thickness to calculate Agatston score. 21 All patients underwent prospective ECG-gated CCTA with data acquisition over 70-99% of the R-R interval. Adaptive iterative dose reduction using three-dimensional processing (AIDR3D) was used for all patients, with intensity at the standard setting. Radiation doses were estimated and compared using the extended Dose Length Product (DLPe) from 320 detector-row CT. 22 The effective dose was calculated by multiplying the DLPe by 0.028, based on ICRP 103. 23 
CCTA interpretation
Coronary artery segments with a diameter of > _2 mm were evaluated for degree of stenosis by consensus of three experienced cardiovascular imagers who were blinded to clinical data. Lesions with >50% stenosis were defined as obstructive. Lesions with a stenosis that was not assessable due to calcification were defined as obstructive.
CT-FFR analysis
CT-FFR analysis was performed using a dedicated algorithm 18, 19 employing fluid structure interaction for patient-specific CT-FFR calculation. The shape and changes in the coronary vessel cross-sectional area are measured in several volumes reconstructed at different time-points in the diastolic wave-free period. Hierarchical Bayes and Markov-Chain Monte Carlo Method are applied to determine the analysis conditions. One-dimensional computational fluid dynamics calculation is performed using these analysis conditions and Navier-Stokes equations. Pressure and CT-FFR values are estimated for each point of the major vessels. A major advantage of this algorithm is that the analysis conditions are determined for each specific individual by measuring deformation of coronary vessels. Another advantage is that 1D modelling enables short processing time and allows calculation of CT-FFR at the point of care.
In this study, four volumes of the acquired CT data at 70, 80, 90, and 99% of the R-R interval were input into CT-FFR software (Canon Medical Systems). In one of the four volumes, major vessels were selected and vascular centreline and wall were identified automatically with manual adjustment made as required. Subsequently, contours for
the remaining three volumes were identified automatically by the software, and CT-FFR values were calculated along all points of the major vessels. These steps for CT-FFR analysis were performed by an operator who had more than 50 h of experience in using the CT-FFR software and who was blinded to invasive angiography and FFR/iFR findings. A senior cardiologist and radiologist, both with more than 10 years of experience in CT post-processing reviewed all the post-processed images created by the operator to confirm the centreline and contour were appropriate. No patient was excluded from CT-FFR calculation, for example exclusion based on image quality required for input to the CT-FFR software.
Invasive coronary angiography, FFR, and iFR
Detail information was provided in Supplementary data online, File S1.
Segment-based FFR measurements
In patients for whom invasive FFR was measured at several points along the length of a vessel, we evaluated the correlation between CT-FFR and invasive FFR at all points where invasive FFR was performed. Matching points on CCTA images were identified and validated using anatomic landmarks, such as calcium deposits or side branches determined from the fluoroscopy images captured during invasive FFR.
Reproducibility analysis
To evaluate inter-observer variability in CT-FFR calculation, another operator performed the post-processing for 50 out of the 75 cases. In addition, this second operator repeated the post-processing for 27 of these 50 cases approximately 1 month after the first analysis to evaluate intraobserver variability. For each case, at each vessel, for each operator, CT-FFR was computed at proximal, middle, and distal segments for comparison. Anatomic landmarks, such as calcium deposits and/or side branches, were used to obtain the CT-FFR at the same location among different operators.
Analytic methods
Continuous data are expressed as the mean ± standard deviation. Categorical data are expressed as frequencies (%). Diagnostic accuracy to detect FFR < _0.8 was compared among CT-FFR, CCTA >50% and 70% diameter stenosis, ICA using the area under the curve (AUC) of the receiver operating characteristic curve. Correlation between invasive FFR, iFR, and CT-FFR were evaluated using Pearson's correlation coefficients. Inter-and intra-observer agreements were evaluated using Pearson's correlation coefficient and Bland-Altman analysis. Because, we measured CT-FFR and invasive FFR repeatedly on some vessels, confidence intervals (CIs) were estimated using the bootstrap method (r = 1000) taking into account the correlation between the observations. A P-value less than 0.05 was considered significant. Statistical analyses were performed using Med Calc Software (Ostend, Belgium).
Results
Baseline characteristics
One-hundred and four vessels in 75 patients were analysed (Tables 1  and 2) . Forty-four vessels (42.3%) had an invasive FFR < _0. 8 . In 9 vessels stenosis, severity was not assessable by CCTA due to calcification. The mean heart rate on imaging was 54.4 ± 5.8 b.p.m. Table 3 .
Diagnostic accuracy of CT-FFR and CCTA
On a per-vessel basis, the sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy of CT-FFR < _0.8 vs. CCTA >50% vs. CCTA >70% vs. ICA (stenosis >50%) to detect haemodynamically significant stenosis defined as FFR < _0.8 were provided in Table 4 . The AUC to predict FFR < _0. (Figure 1) . On a patientvessel basis and sub-analyses based on Agatston score were also provided in Table 4 . When the vessels with a stenosis that was not assessable due to calcification (9 vessels) were excluded, the AUC to predict FFR < _0.8 on per-vessel basis of CT-FFR (0.86, 95% CI: 0.72-0.91) was still significantly higher than CCTA alone (0.57, 95% CI: 0.47-0.68) (P = 0.0001). 
Comparison of segment based FFR value between CT-FFR and invasive FFR
Comparison of invasive FFR and iFR vs. CT-FFR
For 48 vessels in 41 patients in which both FFR and iFR were evaluated, The correlation coefficient between CT-FFR and iFR was r = 0.62 (95% CI: 0.40-0.77, P < 0.0001) and that between CT-FFR and invasive FFR was r = 0.52 (95% CI: 0.28-0.70, P = 0.0001) ( Figure  3A 
Discussion
To our knowledge, this is the second study of test characteristics and accuracy using a specific vendor-based CT-FFR algorithm, including patients with 30-90% stenosis by CCTA who have diagnostic indication for FFR. The CT-FFR showed good diagnostic accuracy on a pervessel and per-segment basis using invasive FFR as the reference standard. In contrast to prior study, 20 the diagnostic accuracy of CT-FFR was statistically significantly better than CCTA assessment alone.
We additionally report that CT-FFR shows good correlation to iFR. Similar to the initial study of this CT-FFR algorithm, we demonstrated an analysis time and high inter-and intra-observer reproducibility. These results provide new, clinically relevant information to previous reports on CT-FFR. 20 The diagnostic accuracy of CT-FFR in this study was high in keeping with a previous report of the same algorithm in a smaller population, 20 although imaging conditions (scanning data from multicentre) and race (most subjects were Asian) differed from that study. CCTA imaging used isotemporal acquisition with a 16 cm detector row 22 second generation system. Although imaging uses a relatively wide phase window width, the radiation dose was modest and imaging was conducted in accordance with a standard protocol other than data acquisition from several cardiac phases. Sensitivity and negative predictive value of our CT-FFR algorithm were higher than the specificity and positive predictive value. Nonetheless, specificity and positive predictive value were improved with the novel CT-FFR algorithm without reducing the sensitivity or negative predictive value in comparison with diagnosis based on conventional CCTA alone, as evidenced by the significant increase in the AUC. The diagnostic and prognostic accuracy of patients in which catheter angiography is deferred based on the findings of the novel CT-FFR algorithm should be further examined in a multicentre prospective trial. We analysed the correlation between CT-FFR and invasive FFR on both a per-vessel and per-segment basis. In 164 segments where invasive FFR measurements were obtained, correlation of CT-FFR and FFR was good. In vessels with several lesions, it is sometimes necessary to determine which lesion(s) require revascularization. With CT-FFR analysis, it is possible to estimate FFR value at any location in the vessel, but few studies have reported the segment-based correlation between CT-FFR and invasive FFR. The results of our study suggest that this CT-FFR algorithm can be further assessed for selecting therapeutic strategies for patients with serial lesions in a single vessel. Moreover, Bland-Altman analyses indicated that the mean difference between CT-FFR and invasive FFR was increased for smaller FFR values, in agreement to previous studies. 20 This may again be due to overestimation of the degree of stenosis due to the influence of calcifications and CCTA spatial resolution. A recent study reported the usefulness of iFR as a method to measure functional stenosis. 24 In contrast to FFR, iFR does not require the induction of hyperaemia, rendering it simpler to measure. iFR has been shown to strongly correlate with FFR, but there is a dissociation in some patients. [25] [26] [27] [28] We demonstrated correlation between the novel CT-FFR and not only invasive FFR and but also iFR. The correlation with iFR was also favourable. In conventional CT-FFR, a hyperaemia-related decrease in the peripheral vascular resistance was calculated without considering individual differences 13 based on the finding that the variation in patients with a normal CFR was < _4% reported by Wilson et al. 29 On the other hand, in the novel algorithm used in this study, patient-specific analysis conditions were established considering changes in the coronary shape, motility, cross-sectional area, and volume using several cardiac phases. The cardiac phases used for this analysis are between 70 and 99% of the R-R interval, which corresponds to the wave-free period measured by iFR. Thus, because CT-FFR is calculated from diastolic phase data, we hypothesized that the correlation with iFR, also measured in diastole, may also be favourable. Based on our results, the influence of the differences with FFR/iFR should be further investigated. This analysis was performed with semi-automated software running on-site with a standard workstation. Manual edits to the centre line and lumen contours were possible; operators trained on the 
software achieved favourable inter-and intra-observer reproducibility. The mean analysis time (39.4 ± 8.6 min) makes this method compatible with same day CT interpretation, with a clinically acceptable turnaround time. However, in the future, as the reproducibility and accuracy is kept, it will be necessary to reduce the analysis time. CT-FFR reproducibility improves with experience, and a specific training programme is recommended. 30 The relationship between the degree of coronary calcification and reproducibility, as well as the establishment of an objective training method, should be further evaluated. Recently, although other method to calculate FFR from CT on-site is reported, those are different from our algorithm.
14,31
Limitations
This study has limitations. First, in only images taken by one-beat scanning using 320 detector-row CT, CT-FFR can be analysed using this algorithm. In addition to the retrospective approach and the selection of stenosis grade (30-90%), patients with prior PCI and CABG were excluded. Furthermore, although heavy calcification is an important factor that renders stenosis assessment on CCTA difficult, its influence on the CT-FFR algorithm was not assessed in detail.
In this study, Agatston score 400 was made cut-off and the diagnostic ability in patient base was compared. The specificity of 400 or higher was very low. This is a limitation in this technique. At the same time, the relation between calcification degree and pattern and the diagnostic performance is necessary to furthermore be studied. For segment-based analysis of the relationship between CT-FFR and invasive FFR, matching of FFR and CT-FFR measurement locations was performed using calcium deposits and side branches as landmarks. The locations of these features can be difficult to identify on invasive FFR. Although qualitative approach for estimation of degree of stenosis during ICA could in theory limit reproducibility, we did not consider this limitation to be critical. Patients with a percent stenosis of >90% on ICA were excluded from this study without performing invasive FFR due to safety concerns and appropriateness criteria for FFR. We do however note that all such vessels exhibited a CT-FFR value of < _0. 8 . Finally, it is reported that diffuse or multiple lesion pattern, plaque volume, and plaque morphology such as CTverified high-risk plaque influence FFR value. 32, 33 However, in this study, the relationship between lesion pattern, plaque volume, plaque morphology, and FFR value was not investigated. The relation with physiological data such as transluminal attenuation gradient 34 or myocardial perfusion 35 obtained from 320 detector-row CT also was not investigated.
Conclusion
The diagnostic accuracy of an algorithm employing fluid structure interaction for patient-specific CT-FFR calculation in patients with 30-90% stenosis was high compared with invasive FFR. Use of this CT-FFR algorithm was facilitated by on-site analysis in a short time and high reproducibility. 
